In the polar tropospheric boundary layer, reactive halogen species (RHS) are responsible for ozone depletion as well as the oxidation of elemental mercury and dimethyl sulphide. After polar sunrise, air masses enriched in reactive bromine cover areas of several million square kilometers. Still, the source and release mechanisms of halogens are not completely understood. We report measurements of halogen oxides performed in the Amundsen Gulf, Arctic, during spring 2008. Active long-path differential optical absorption spectroscopy (LP-DOAS) measurements were set up offshore, several kilometers from the coast, directly on the sea ice, which was never done before. High bromine oxide concentrations were detected frequently during sunlight hours with a characteristic daily cycle showing morning and evening maxima and a minimum at noon. The, so far, highest observed average mixing ratio in the polar boundary layer of 41 pmol/mol (equal to pptv) was detected. Only short sea ice contact is required to release high amounts of bromine. An observed linear decrease of maximum bromine oxide levels with ambient temperature during sunlight, between −24°C and −15°C, provides indications on the conditions required for the emission of RHS. In addition, the data indicate the presence of reactive chlorine in the Arctic boundary layer. In contrast to Antarctica, iodine oxide was not detected above a detection limit of 0.3 pmol/mol.
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halogen chemistry | ozone depletion | bromine explosion | polar | DOAS T he depletion of the stratospheric ozone layer due to reactive halogen species is well known. Similarly, ozone depletion events (ODEs) in the polar boundary layer, arising after sunrise, were discovered in the 1980s (1, 2, 3) . These events were found to be related to high concentrations of filterable bromine. It was therefore proposed that ozone could be destroyed by catalytic reaction cycles involving bromine atoms (Br) and bromine monoxide (BrO) (4) .
The initial reaction is the release of Br 2 from the liquid to the gas phase and the photolysis to Br, which will lead to a quick oxidation to BrO by destroying an ozone molecule. Note that there is always some production of Br atoms from the photochemical degradation of CH 3 Br, which is ubiquitous in the atmosphere. Bromine atoms are recycled from BrO by different processes. The most important recycling is the BrO self-reaction (R 2·BrO ) with the total rate constant k 2·BrO ¼ 3.2 × 10 −12 cm 3 molec −1 s −1 (5) producing Br atoms or Br 2 . During daylight, Br 2 is again photolyzed to Br, thus all channels of R 2·BrO lead to a net loss of O 3 . Overall, reactive bromine (Br and BrO) acts as a catalyst for ozone destruction. An autocatalytic release of bromine from the sea salt surface ice, the so-called "bromine explosion" (6), supplies sufficient bromine to the gas phase. A simplified overview on bromine release mechanisms and ozone destruction cycles is given in Fig. 1 (for a recent review see 7) . The key role of bromine was first confirmed by long-path differential optical absorption spectroscopy (LP-DOAS) measurements of BrO by Hausmann and Platt (1994) and a series of subsequent studies (8, 9, 10) . The presence of other halogen compounds (i.e. IO, ClO) can greatly enhance the recycling process and thus the rate of catalytic O 3 destruction via cross-reactions XO þ BrO, i.e. X ¼ I, Cl, as the usual rate limiting step of this reaction is an order of magnitude faster than R 2·BrO (11, 12) . Analogous to R 2·BrO , the reaction leads to halogen atoms or dihalogen species (XY, e.g. BrCl). The latter are rapidly photolyzed to halogen atoms.
In Antarctica, besides BrO up to 20 pmol/mol IO was observed (13, 14) , which enhances the ozone depletion. Nevertheless, so far no IO has been reliably observed in the Arctic. ClO was detected at levels up to 21 pmol/mol (8), but typically maximum values of around 1-2 pmol/mol are estimated (7) . Simultaneous observations in the Arctic of Br 2 and BrCl of up to 27 pmol/mol and 35 pmol/mol, respectively, also indicate the presence of Chlorine (15) . There is no direct evidence for the general presence of significant amounts of ClO in the polar boundary layer, but similar to IO þ BrO, the ClO þ BrO cross-reaction can greatly enhance the O 3 destruction. This cross-reaction can also produce OClO, which can serve as an indicator for the presence of ClO. It is believed that Br 2 in the polar boundary layer originates from acidified sea salt surfaces, e.g. brine on fresh sea ice (freezing leads), sea salt on snow, aerosols, or possibly frost flowers. Satellite observations from GOME (Global Ozone Monitoring Experiment) show enhanced BrO concentrations largely to be present over first-year sea ice in comparison to multiyear sea ice, likely due to the higher salinity of the former (16, 17) . The release of halogens from sea salt is a complex process (18, 19) , which is not completely understood (7) . Accurate measurements of the involved trace gases are required to improve our understanding of these processes. Halogens are also involved in the almost complete oxidation and deposition of tropospheric gaseous elementary mercury (20) , in the alteration of oxidation fates for volatile organic compounds, and in the export of bromine into the free troposphere (7) .
DOAS (see, e.g., Refs. 21, 22) is a reliable open path remote sensing technique to measure, among other trace gases, halogen oxides in the pmol/mol range. It directly identifies the trace gas species by their characteristic absorption structures in the ultraviolet (UV)/visible wavelength range (Fig. 3) . LP-DOAS instruments employ a defined absorption path of several kilometers between a light emitting/receiving telescope and a retroreflector. However, due to their demanding logistic requirements these accurate and direct measurements of halogen oxides in polar regions are rare and until now were only performed at coastal sites or inland (8, 9, 10, 14, 23, 24) . Later also passive DOAS measurements with satellite (see, e.g., Ref. 16 ) and passive multiaxis-DOAS (MAX-DOAS) instruments were applied for the detection of BrO in polar regions (see, e.g., Ref. 25) . In contrast to LP-DOAS, both methods suffer the disadvantage that they rely on scattered sunlight and thus measurements are only possible during daylight. The interpretation of passive measurements requires the accurate modeling of the atmospheric radiative transfer and the use of inversion algorithms to determine the effective light path and thus to retrieve BrO concentrations. However, MAX-DOAS allows smaller instrumentation for offshore measurements. Satellite measurements have only a limited temporal resolution due to few overpasses per day and are not very sensitive to the lower troposphere.
Here we report on recent measurements between March 6 and April 2, 2008, by active LP-DOAS, which were for the first time performed on the sea ice at a distance of typically 25 km from the nearest coast. We studied halogen oxides and other trace gases within the framework of the Ocean Atmosphere Sea Ice Snow- Periodically, the position of the vessel was changed to study varying ice conditions and locations. At each position, the ship typically was frozen in the ice for several days and LP-DOAS measurements were set up. The instruments were placed on top of the vessel with the telescope at a height of about 19 m above sea ice level. The retroreflector was placed on the ice 1.1 km to 3.7 km from the vessel at a height of 1 m above the sea ice surface. Thus, the light path was located at an average height of 10 m above the sea ice. LP-DOAS measurements were performed during three periods (A, B, C) listed in Table 1 and marked in Fig. 4 . If the circumstances allowed for set up of a longer light path, a higher measurement quality with lower detection limits could be achieved. Additionally, during the campaign we made some technical adaptations of the instrument to the weather conditions (e.g. wind and ice shield), which improved the performance and data quality.
During our measurements, the whole Amundsen Gulf was covered with first-year sea ice, which is typical for this time of the year. In the nearby Beaufort Sea also multiyear sea ice was present (see Figs. 2 and 6 ). Different ice conditions prevailed around the vessel, ranging from a closed cover of first-year sea ice of up to 2 m thickness to several open leads or new ice with a homogeneous frost flower cover. During measurement period A and the beginning of period B, large open leads arose in the Amundsen Gulf, also close to the measurement site (∼100 m), but the absorption path was never set up over an open lead. Towards the end of period B, the whole area refroze and formed large frost flower fields. Their higher surface temperature makes them visible from the satellite (Figs. 2, 6 ). The ship position during period C was very close (∼270 m) to the largest frost flower field in this area. Even though the ice was about 8 d old and already more than 30 cm thick, it may still have made a large contribution to bromine release. The LP-DOAS absorption path was set up almost parallel to the frost flower field and could cross it for about 1 km. For safety reasons, a setup inside the frost flower field was not possible. 
Results and Discussion
During the measurement period, four main ODEs accompanied by high BrO concentrations were detected with the LP-DOAS measurement technique (see Fig. 3 for an example of a measured spectrum). During these events, ozone dropped from background levels of around 40 nmol/mol to below 1 nmol/mol. The complete time series of the most important trace gases detected by the LP-DOAS during the campaign are shown in Fig. 4 including prevailing weather conditions. All results are summarized in Table 1 . Throughout the entire campaign, BrO levels exceeded the detection limit during daylight hours. The highest, so far, detected averaged BrO mixing ratios in polar regions of 41 pmol/mol were observed on March 13 and 15. Such high BrO amounts were also predicted by photochemical model studies reporting max. BrO levels of up to 50 pmol/mol during ODEs (19) . Other bromine species, such as OBrO and Br 2 , did not exceed our detection limits.
Generally, ozone levels are anticorrelated with BrO ( Fig. 5 ) as expected because BrO destroys ozone. However, this anticorrelation is not as pronounced as reported in earlier publications (see, e.g., Ref. 25) . For example, high BrO levels of up to 20 pmol/mol were observed during periods when no ODE was present or ozone concentrations even increase to background levels (March 27-31). In addition, ozone was not always completely destroyed during the presence of very high BrO mixing ratios of around 40 pmol/mol (March 15). As the complete depletion of ozone due to enhanced BrO levels requires 1-2 d (19, 23) , no perfect anticorrelation can be expected if the bromine release occurs close to the measurement site. As discussed above, sea salt on snow surfaces and in particular on frost flowers, due to their high salinity, is a potential source of the reactive halogens (26) . Thus, the emission of bromine likely occurred very close to the measurement site explaining the lack of a distinctive anticorrelation between O 3 and BrO. Former investigations were performed at the coast and thus probed air masses several hours to days downwind from the expected emission sources.
This finding of a nearby emission of reactive bromine is confirmed by 48 h back trajectory calculations of air masses at the ground with the HYSPLIT model (27) using GDAS (Global Data Assimilation System) metrological data (Fig. 6) . The derived trajectories agree well with the measured wind direction on board the vessel. The histories of air masses are arranged in rows for different BrO levels (high, medium, low) and compared with satellite measurements of the ice surface temperature of the previous night (Fig. 6) from the Terra or Aqua instrument on board the MODIS (moderate resolution imaging spectroradiometer) satellite [depending which dataset has a lower cloud cover (28)]. Even if the distinction between clouds and ice is difficult, in particular if thin clouds are present, these data allow to distinguish between different ice conditions. Especially open leads and thin ice can easily be localized, due to their much higher surface temperature. The back trajectory study illustrates that, in contrast to former studies we could not observe a clear relationship of BrO levels with first-year sea ice contact time (29, 30) . Frequently higher BrO levels are detected when the air masses had remained longer in contact with sea ice. This is consistent with wind direction studies (SI Text) which show highest BrO levels in air masses coming from the Beaufort Sea or from the Amundsen Gulf (Fig. S1 ). However, several exceptions were observed (e.g., March 18, 25, 28) when sea ice contact of only a few hours seems to be sufficient to release high levels of reactive bromine. Furthermore, long sea ice contact does not imply high BrO levels (e.g., March 26). We exclude snow on land as a significant source of bromine since then O 3 and BrO should be clearly anticorrelated in air masses crossing land before reaching the measurement site, due to their longer exposure to bromine (e.g. March 18). Thus, we conclude that most likely our measurements were performed in the emission area of the reactive bromine, short sea ice contact is sufficient to release high levels of bromine and start to destroy ozone, and air mass origin is in general not responsible for different BrO levels.
The sea ice surface temperature maps (Fig. 6) indicate that large areas with high ice surface temperature were present between March 8 and 15, caused by numerous open leads close to the measurement site. The highest BrO levels were observed during or shortly after this period. After March 15, all open leads refroze and the whole gulf was again completely sea ice covered until the beginning of April. Since the refreezing leads were covered by thin ice, these areas are still visible in the satellite images. During measurement period C, the ship was located close to one of these large ice fields with a homogeneous frost flower cover (Fig. 1) . However, the halogen release from this area appears to be insignificant since no correlation between contact of measured air masses with this sea ice and increased BrO levels are found (Fig. S2) .
During the measurement period, the ambient air temperatures varied between −15 and −34°C and sea ice surface temperatures locally between −30°C and almost −0°C as shown in Fig. 6 . It is known that ODEs strongly anticorrelate with ambient temperature and that ozone depletion predominantly occurs at tempera- The mixing ratios are around the 2σ detection limit of the measurement or highly scattering and thus not unambiguously detected.
tures below −20°C (see, e.g., Ref. 31). The authors hypothesized that this step function like threshold is linked to thermodynamics. However, in a recent study, ODEs could also be observed at temperatures of up to −6°C (32). Our observations show a strong correlation of daytime BrO (solar radiation above 100 W∕m 2 ) with ambient temperature featuring an almost linear decrease of maximum BrO levels down to 0 pmol/mol for temperatures between −24°C and −15°C (Fig. 7) . However, no threshold temperature could be found, neither regarding O 3 depletion nor high BrO levels. The temperature relationship is responsible for reduced BrO levels during several afternoons featuring high ambient temperatures in period C before photon flux decrease (Fig. 4) . These results are in good agreement with recent model studies which found an increase in BrO recycling, bromine release, and thus BrO levels at lower ambient temperatures (19) . The driving mechanism is the temperature gradient between the warmer sea ice surface and colder ambient air. If the ambient temperature is lower or sea ice surface temperature is higher, an enhanced surface to air flux of bromine and humidity arises. The influence of ice thickness, age, and sea ice surface temperature on bromine fluxes can be determined from the BrO levels observed during the different measurement periods. The open leads and thin ice layers present during periods A and B are likely to contain sufficient bromine in the liquid phase and have a relatively high surface temperature. The bromine flux and thus the gas phase BrO concentration strongly increased with higher temperature gradients (i.e. with lower ambient temperatures). If the ice is thick or covered with snow (period C), the bromine release is limited to the dissolved bromine in the uppermost ice layer. Therefore, BrO no longer increased at very low temperatures.
For several days with ambient temperatures below −20°C, a unique daily cycle of BrO was observed. Two maxima occurred, one shortly after sunrise and the second shortly before sunset with a local minimum at noon at highest solar radiation (Fig. 8) , when BrO recycling should be highest. In first approximation, one would expect the highest BrO concentrations at highest solar radiation and thus Br 2 photolysis frequency (supplying Br atoms). A possible reason for the reduced BrO concentrations around noon is elevated HO 2 . This induces a shift of the BrO-HOBr stationary state due to the reaction of BrO with HO 2 producing HOBr, as predicted for the marine boundary layer (33 is an unlikely cause for the BrO minimum at noon, since two orders of magnitude higher concentrations are used in the model runs than expected in polar regions. Therefore, chlorine is most likely the compound that reduces the noontime BrO concentration by the "chlorine counter cycle" (SI Text).
To verify the presence of chlorine, the data were analyzed for ClO and OClO. However, so far ClO could not be observed unambiguously. Although ClO levels were regularly around the relative high detection limit of 30-75 pmol/mol, the DOAS evaluation did not withstand sensitivity studies.
Alternatively, the OClO molecule can indicate the presence of ClO, and the sensitivity of the DOAS technique for OClO is more than an order of magnitude better than for ClO. It is formed by the reaction of ClO with BrO. At night OClO levels should be higher due to the absence of photolysis. Note that nighttime BrO levels up to 5 ppt were found which can form with ClO significant amounts of OClO. After days with high BrO levels, OClO levels were present before sunrise in the order of 10 pmol/mol, sometimes reaching up to 25 pmol/mol. Because of its rapid photolysis (J OClO ¼ 7.6 · 10 −2 s −1 ), OClO could not be observed during the day. Although these mixing ratios are close to the detection limit and have to be interpreted with caution, an upper limit for the daytime ClO mixing ratio of 7.6 pmol/mol can be estimated (SI Text) by combining the OClO detection limit during daytime with the observed BrO mixing ratio.
In this study, measurements of IO were performed to quantify the presence of iodine radicals. IO was not observed throughout the campaign, neither when the sea was completely frozen nor when open leads were present. Although data evaluation is difficult (SI Text), at detection limits around 0.3 pmol/mol (period C), we conclude that iodine plays no significant role in the observed ODE.
The measurement of the trace gases NO 2 , SO 2 , HCHO, and HONO are discussed in the SI Text.
In summary, our LP-DOAS measurements of halogen radicals and ozone show the following: First, BrO average mixing ratios are higher over the sea ice than observed so far at coastal sites during Arctic spring. We observed maximum mixing ratios of 41 pmol/mol during or shortly after periods when open leads arose in this area. Second, the BrO concentration shows characteristic diurnal cycles, with maxima in the morning and evening and a relative minimum around noon. Third, below ambient temperatures of −15°C, an almost linear increase of maximum BrO levels with decreasing temperature was observed. Fourth, short sea ice contact is sufficient to release high levels of bromine and start the destruction of ozone. Fifth, chlorine dioxide (OClO) was detected in the polar marine boundary layer, suggesting that chlorine is also released from saline surfaces and is involved in photochemical cycles during ODEs. Further observations are required to confirm the presence of chlorine and the halogen release from different types of ice.
Methods
The DOAS technique (see, e.g., Refs. 21 and 22) was applied both as active (LP-DOAS) (SI Text) and as passive (MAX-DOAS) (see, e.g., Ref. 35) . Active LP-DOAS measurements were performed in order to study BrO, ClO and Ozone, SO 2 , HONO, HCHO and OClO in the UV (285-365 nm), IO, OBrO and NO 2 in the blue wavelength range (392-475 nm), and during period C also OBrO, Br 2 and I 2 in the green wavelength range (500-580 nm) (Tables S1, S2). As the focus was on BrO absorption in the UV, spectra in the blue and green were recorded only every 10 measurement cycles. Under conditions of good visibility, a time resolution below 2 min could be achieved for the UV wavelength region. For details on the used LP-DOAS setup and data evaluation, see SI Text.
